Background/Purpose: This prospective before-after study was intended to investigate the effect of Bio-Kil on reducing environmental bacterial burden and healthcareassociated infections (HAIs) in intensive care units (ICUs) at the Municipal Wan-Fang Hospital, Taipei, Taiwan in 2014. Methods: Four rooms in the medical and surgical ICUs were investigated and designated as study rooms (n Z 2) or control rooms (n Z 2). Routine disinfection was performed during the pre-intervention period in both room types. Bio-Kil was applied to the fomites and surroundings of the study rooms during the intervention period. Total bacterial burden and proportion of colonization of fomites and surroundings by multidrug-resistance organisms (MDROs) were determined before and after the intervention. The demographic characteristics, underlying conditions, and clinical outcomes of patients were analyzed.
Introduction
There is compelling evidence that contaminated inanimate surfaces are major sources of hospital-acquired infections (HAIs). 1e4 Many important nosocomial pathogens, such as methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant enterococci (VRE), carbapenemresistant Enterobacteriaceae (CRE), carbapenem-resistant Pseudomonas aeruginosa (CRPA), and carbapenemresistant Acinetobacter calcoaceticus-baumannii complex (CRAB), can survive for days to weeks on dry inanimate surfaces. 5 Patients admitted to rooms previously colonized with these pathogens are at increased risk of colonization or infection. 6e8 Additionally, previous research found that the frequency of MRSA contamination was similar for healthcare personnel who either had direct contact with a colonized/ infected patient or with contaminated surfaces. 9 Therefore, decontamination and disinfection of hospital environmental surfaces is an important infection-control measure.
Environmental decontamination involves the use of water, detergents, and, increasingly, a disinfectant or microbiocide, although the effectiveness of any agent depends on how it is applied and the meticulousness of the decontamination. A previous study of environmental disinfection of intensive care units (ICUs) indicated that < 50% of surfaces were cleaned adequately; however, after implementation of an infection-control intervention program, including the use of ultraviolet monitors as surrogate markers for bacterial contamination, w82% of fomites were adequately disinfected. 10 Other studies revealed that many room surfaces remained inadequately disinfected. 11, 12 Several manufacturers have developed room-disinfection units that can decontaminate environmental surfaces and objects by non-touch methods that employ either UV radiation 13 or hydrogen-peroxide vapor. 14 These methods, however, can only be used for terminal disinfection of a discharged room and cannot be used for daily room disinfection. 11, 15 Recently, self-disinfecting surfaces were developed to reduce the biological burden on environmental surfaces during hospitalization. 16 Bio-Kil propyloctadecyldimethyl ammonium chloride; Cargico Group, Taipei, Taiwan) is an antimicrobial nanomaterial consisting of inorganic metal components and organic quaternary ammonium components. 17 Bio-Kil molecules have a high-affinity structure and a strong electric field that attracts pathogens. The strong electrical charge damages the membrane proteins of microorganisms, thereby killing the pathogens. Bio-Kil forms a permanent covalent bond with the surface of many products, including plastic, paint, and textiles. 17 Previous research indicated that use of Bio-Kil in an ICU effectively reduced the bacterial burden in that environment 18, 19 ; however, the effect of this reduction in bacterial burden on the incidence of HAIs has not yet been documented. Therefore, we performed this prospective beforeeafter study to determine the efficacy of Bio-Kil on HAIs and bacterial colonization in ICUs.
Methods

Study design and setting
This prospective, open-label, before-after study with control and intervention groups was conducted in the Medical and Surgical ICUs (MICUs and SICUs) of the Municipal Wan-Fang Hospital, a 750-bed teaching hospital in Taipei, Taiwan, from May 2014 to October 2014. Two rooms each from the MICU (MICU-15 and MICU-16) and SICU (SICU-21 and SICU-22) were selected for study. MICU-16 and SICU-22 were designated as the study rooms, and MICU-15 and SICU-21 served as the control rooms. These rooms were selected for the study, because they were situated at the far end of the ICU and were separated from the other rooms. The primary objective of this study was to assess the efficacy of Bio-Kil in reducing bacterial burden in ICUs. The secondary objective was to evaluate whether reducing bacterial burden in patient surroundings prevented nosocomial infections. The study protocol was approved by the Taipei Medical University-Joint Institutional Review Board (study protocol TMU-JIRB 201311029).
The three periods of this study were the preintervention period (from May 1, 2014 to July 22, 2014), the Bio-Kil-setup period (from July 29, 2014 to August 4, 2014) , and the intervention period (from August 4, 2014 to October 20, 2014) . During the pre-intervention period, environmental samples were collected from 17 sites from each study area and from patients twice weekly. During the Bio-Kil-setup period, the study rooms, including fomites and their surroundings, were disinfected with Bio-Kil. The room walls, ceilings, and air-conditioning filters were also treated with Bio-Kil, and the surfaces of instruments (mechanical ventilators, telephones, and computer key pads) were covered with Bio-Kil-embedded silicon pads. During this period, no specimen collection was performed.
During the intervention period, textiles, including pillow cases, bed sheets, and mattresses, were replaced with textiles that had been washed in a solution of Bio-Kil as previously described. 19 The nurses assigned to care for patients in the study rooms also wore clothing embedded with Bio-Kil. Specimen collection followed the same methods employed during the pre-intervention period.
Routine infection-control measures, environmental decontamination, textile washing, and replacement
During the pre-intervention and intervention periods, textile washing and replacement, infection-control practices of nurses, physicians, and visitors, and disinfection of environments and instruments in all ICUs were performed according to hospital regulations. Daily disinfection of rooms in the ICUs comprised the application of a 500-ppm solution of sodium hypochlorite for routine cleaning. Based on the status of environmental contamination found during the 1 st week of the pre-intervention period and for ethical considerations, the frequency of changing pillow cases increased from every other day to daily from the 2 nd week to the end of this study period (including pre-intervention and intervention periods). Additionally, the cleaners who performed the routine disinfection measures in the control and study rooms were trained in more stringent cleaning practices and to focus on areas that had been shown in the pre-intervention period as having a high degree of bacterial burden. Otherwise, the frequency of cleaning and changing of textiles was the same in all study rooms in the preintervention and intervention periods. All staff members were monitored for adherence to hand-hygiene practices in both ICUs throughout the study period.
Specimen collection, bacterial identification, and susceptibility testing
Specimens for microbiological isolation were collected twice weekly (Monday and Thursday) from the anterior nares and rectum of patients, high-contact areas in patient environments ( Figure 1 ), and from nurse uniforms. We collected the specimens from swab cultures of fomites, surroundings, and healthcare-related sites after the daily routine cleaning work throughout both study periods. Samples were collected from 17 sites from each study area (control and study), and all specimens were recorded separately. For analytical purposes, these collection sites were classified as: (1) fomites if they were in direct contact with the patient (pillow cases, bed sheets, mattresses, and bed rails); (2) patient surroundings if they had no direct contact with patients (walls surrounding patient beds, curtains, electrocardiogram monitors, dining tables, cupboards, and chart covers); or (3) healthcare worker-related sites (surfaces of working stations, telephone handsets, computer keyboards, and sleeves and fronts of nurse uniforms).
Moistened, sterile, cotton swabs were used to evenly wipe a designated square (10 cm Â 10 cm) on each collection site. Samples were then inoculated into trypticase soy agar and inoculated at 35 C under 5% CO 2 conditions. After 48 hours, colony forming units (CFUs/100 cm 2 ) were determined. Bacterial species identification and antimicrobial susceptibility testing were performed using the Becton Dickinson Phoenix System (Becton Dickinson Diagnostics, Sparks, MD, USA). Antimicrobial susceptibility results were interpreted according to Clinical and Laboratory Standards Institute guidelines. 20 We compared mean bacterial counts from specimens before and after application of Bio-Kil in the intervention group and during the preintervention and intervention periods in the control group. In this study, multidrug-resistant organisms (MDROs), including MRSA, VRE, CRE, CRPA, and CRAB, and the incidence of MDROs from each collection were determined.
Patient characteristics
For all patients admitted to the assigned rooms, demographic characteristics, underlying conditions, Acute Physiology and Chronic Health Evaluation II (APACHE II) score within 24 hours of admission, microorganisms isolated from all clinical specimens, and clinical outcomes were determined. A patient was defined as colonized with a MDRO if any MDRO was isolated from a clinical specimen within 3 months prior to admission to the assigned room.
Inclusion criteria and outcome definitions
Only patients who resided in an assigned room for > 24 hours were included in the analysis. New-onset sepsis was defined as the development of sepsis after 48 hours of admission to assigned rooms or within 48 hours of leaving those rooms. 21 The 30-day mortality rate was defined as overall mortality in the 30 days after admission to the assigned room. Patients were assessed for development of any allergic reaction (skin rash or erythema on the next day) related to Bio-Kil, such as contact dermatitis or related respiratory reactions.
Statistical analysis
We used the Chi-square test or Fisher's exact test for categorical comparisons of data. Differences in means of continuous variables were tested by the independent t test. Changes in bacterial colony counts and incidence of newonset sepsis in the pre-and post-intervention periods were determined by a two-proportion z test. Binary logistic regression analysis was used to identify factors associated with the development of new-onset sepsis and 30-day mortality. All significant variables from the univariate analyses were included in a multivariate logistic regression model for calculation of odds ratios (ORs). A p < 0.05 was considered statistically significant, and all tests were twotailed. All statistical analyses were performed with the SPSS version 21 (IBM Corp., Armonk, NY, USA).
Results
Counts of bacteria and MDROs before and after intervention
We collected specimens 41 times during the preintervention period (20 from MICUs and 21 from SICUs) and 47 times during the intervention period (24 from MICUs and 23 from SICUs). A total of 697 samples collected during the pre-intervention period and 799 samples collected during the intervention period were analyzed according to the sites from which they had been obtained: fomites, surroundings (Table 1) , and healthcare worker-related sites ( Figure 2 ). Mean CFU/100 cm 2 and proportion of isolation of MDROs from each sample collection are summarized in Table 1 .
In the control and study rooms, the mean bacterial colony counts from samples isolated from fomites were significantly greater than those isolated from the surroundings during each period. After the intervention, the average colony counts from samples taken from fomites declined similarly in control rooms (78.3%) and study rooms (75.3%); however, during the intervention period, bacterial counts in the surroundings of the study rooms were significantly lower than those observed in the surroundings of the control rooms (80.5% vs. 3.3%, p Z 0.001; Figure 3 ).
Relative to the control rooms, the study rooms also had greater declines in overall MDROs isolated from fomites (45.8% vs. 34.6%, p Z 0.002) and from the surroundings (83.1% vs. 65.1%, p Z 0.004) after application of Bio-Kil (Figure 4 ). However, analysis of MRSA, VRE, and CRAB colonies did not reveal a significant decline, most likely because of the limited case numbers in the study. There was only one isolate of CRPA during the pre-intervention period and one isolate of CRE during the post-intervention period (data not shown) (see Figure 5 ). Table 2 shows the demographic characteristics, underlying conditions, and clinical outcomes of all patients. During the pre-intervention period, 16 patients were admitted to control rooms, and 18 patients were admitted to study rooms. During this period, control patients were more likely to be on ventilator support as compared with intervention patients (68.8% vs. 33.3%, p Z 0.039), but less likely to suffer from heart disease (18.8% vs. 72.2%, p Z 0.002). There were no significant differences in disease severity on admission (APACHE II score) or in the prevalence of previous bacterial colonization between the two groups. After the intervention, 22 patients were admitted to control rooms and 21 patients were admitted to study rooms. Patients admitted to the study rooms had higher mean APACHE II scores on admission (20 vs. 14, p Z 0.004) and were more likely to have cancer (33.3% vs. 0%, p Z 0.033).
Patient characteristics
Clinical outcomes
During the pre-intervention period, the incidence of newonset sepsis was higher in the study rooms as compared with the control rooms (33.3% vs. 25%); however, during the intervention period, the incidence of new-onset sepsis decreased in the study rooms and increased in the control rooms (from 33% to 23.8% vs. from 25% to 40.9%, p Z 0.001). Interestingly, when the incidence of new-onset sepsis was compared between the control and study rooms, we found that there was no significant difference in proportion between the two groups (40.9% vs. 23.8%, p Z 0.232). Possible infection foci and microorganisms isolated from patients with new-onset sepsis are summarized in Table 2 . The most common infection focus in patients with new-onset sepsis was the respiratory tract, and the majority of cases of sepsis in both groups were due to Enterobacteriaceae (60% in the intervention group and 44% in the control group) (see Figure 6 ).
Safety and side effects
There were no cases of contact dermatitis or other adverse effects during the study period. Additionally, none of the nurses who wore clothes treated with Bio-Kil reported any discomfort.
Discussion
The application of Bio-Kil resulted in a self-disinfecting surface with broad-spectrum antimicrobial activity that produced little or no toxicity to humans. 16 The efficacy of these self-disinfecting surfaces in the prevention of HAIs has not yet been proven. To the best of our knowledge, the present study is the first to evaluate the clinical outcomes of patients who reside in ICU rooms that have been treated with Bio-Kil.
We found that total bacterial counts in samples from fomites were w80to 100-fold higher than those observed in samples taken from the surroundings. Numerous studies evaluated environmental contamination by MDROs, 1, 3, 4, 7, 22, 23 but most focused on contamination of frequently contacted surfaces in hospital environments. Fomites play an important role in transmission of microorganism-related diseases. 24 Textiles and clothing that are in direct contact with patients can harbor large numbers of bacteria and can be a source of hospital contamination. We found that fomites and textiles coated with Bio-kil were less likely to be a source of bacterial growth as compared with untreated surfaces, thereby reducing the risk of fomite transmission of infection in the ICU setting ( Figure 2 ). Our findings confirmed those in previous reports that Bio-Kil reduces bacterial colonization of patient environments. 18, 19 An interesting finding was that bacterial colony counts declined in study rooms and in control rooms. The fact that the frequency of changing pillowcases was increased from every other day to daily after the preintervention period, and that the cleaners who performed the routine disinfection measures in the control and study rooms were retrained to focus on areas shown during the pre-intervention period to have a high degree of bacterial burden during the intervention period most likely contributed to this specific finding. Nonetheless, the number of colony counts in samples taken from patient surroundings after the application of Bio-Kil was significantly lower as compared with samples taken from control rooms (Figure 3 ). We proposed that the fomites were more affected by vigilant disinfection as compared with the surroundings, because they were not as close to the patient bedside as fomites. These results indicated that disinfection with Bio-Kil resulted in markedly lower bacterial burden as compared with stringent manual surface cleaning in ICUs.
The National Health Insurance (NHI) system in Taiwan covers a wide range of out-and inpatient services and allows people in Taiwan to have access to comprehensive medical care. However, the introduction of the NHI system has increased the numbers of bedridden patients and the long-term use of invasive medical devices, 25 which has, in turn, led to increases in rates of HAIs caused by MDROs, especially CRAB, CRE, and VRE. 26 Moreover, the increase in average life expectancy and the growth of the elderly population in Taiwan have led to an increased number of people living in long-term care facilities, 25 which can be reservoirs of MDROs. A previous study in Chicago, USA reported a higher prevalence of Klebsiella pneumoniae carbapenemase-producing Enterobacteriaceae in long-term care hospitals relative to short-stay ICUs. 27 In Taiwan, the incidence of community acquired infections due to pathogens once classified as nosocomial has also increased recently. 28, 29 In our study, w15e30% of patients were colonized with an MDRO at admission. Ake et al 30 
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Intervention group p = 0.001 Figure 5 . Incidence of new-onset sepsis before and after intervention. molecular techniques to link these MDROs to patients colonized by MDROs from the community. 30 Thus, MDROs can spread from a hospital to the community and from the community to a hospital. Previous studies showed that patients colonized or infected with an MDRO can serve as sources of environmental contamination in hospitals. 8,31e33 Surfaces and textiles that have been coated with Bio-Kil can reduce the likelihood of contamination of the hospital environment, especially when they are used or worn by heavily colonized patients. Reduction of the bacterial burden in one area of a hospital environment can reduce the total bacterial burden by interrupting the chain of transmission. Future studies should be conducted to assess the benefit of these self-disinfection surfaces when present at the time of admission of patients from communities with a high prevalence of MDROs.
Finally, we found that the incidence of new-onset sepsis was markedly, although not statistically, lower in the study rooms, despite the fact that patients admitted to study rooms were significantly sicker (higher APACHE II scores at admission) and significantly older. Previous research indicated that the sources of pathogens causing HAIs in the ICU were patient endogenous flora (40e60%), cross-infection via the hands of personnel (20e40%), antibiotic-driven changes in flora (20e25%), and other sources, including contamination of the environment (20%). 34 Nevertheless, bacterial colonization is still an important step in the development of infection in susceptible hosts. Even though Bio-Kil effectively reduced the bacterial burden and proportion of MDROs in ICU surroundings, it did not significantly reduce the incidence of HAIs in our study.
There were several limitations in this study. First, this was a single-center study involving a small sample size of patients. Second, patients were also followed-up with for a relatively short duration. Third, although the frequency of changing pillowcases was increased from every other day to daily beginning the 2 nd week of the pre-intervention period, the duration of the pre-intervention period (83 days; changes every other day) became 76 days (changes every day), and the intervention period was also 77 days (no change). The study background and duration of both periods (76 vs. 77) was nearly as the same. The clinical statistical analysis of both groups was not affected significantly. Decontamination and disinfection of hospital environmental surfaces is an important infection-control measure. During the intervention period, the incidence of new-onset sepsis decreased in the study rooms and increased in the control rooms (from 33% to 23.8% vs. from 25% to 40.9%; p Z 0.001). Nevertheless, to the best of our knowledge, this is the first study evaluating the potential use of a nano-based environmental disinfectant product in the prevention of HAIs.
In conclusion, application of Bio-Kil reduced the environmental bacterial burden in ICUs, but did not reduce the incidence of HAIs. Proven hospital control measures, such as tighter protocols for sterilization of fomites and strict adherence to hand-washing protocols, should be used to reduce environmental colonization by MDROs.
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